Abstract. Normal bands in SERS are bands of Raman-active vibrations of adsorbates in the first layer, whose frequency is not shifted with respect to the condensed species. Here we show the experimental result, that the intensity of the N-bands of C 2 H 4 on cold-deposited copper films in ultrahigh vacuum scales with the intensity of the broadband background of the SERS spectra at the frequency position of the Nbands. This is demonstrated by changing the background by temperature annealing of the Cu film. Changing the laser wavelength proves that the background is Raman scattering by electron-hole pair excitations. A simple model including electron scattering by surface roughness can explain the spectral shape of the background and the scaling of the N-bands with the background. Probably we also can explain the appearance of the N-bands in surface-enhanced infrared absorption (SEIRA) within this model.
Since the first reports on single-molecule SERS, 1, 2 one can observe the same ambiguity of interpretation that has been an attribute of SERS ever since: Initial explanations were based exclusively on the electromagnetic enhancement of the incoming and outgoing optical fields, either in hot spots within the fractal structure of colloidal aggregates, in junction sites between two particles, or in nano fabricated structures. Later on it was realized that some phenomena cannot be understood in this way.
Fluctuation and blinking phenomena in single molecule Raman scattering seem to be correlated with an appearance in the spectra of a broad continuous background. Brus and coworkers 3 apparently were the first to observe that the single-molecule SERS signal is dominated by a continuum underlying the sharp Raman lines and that both phenomena, Raman vibrational bands and background, are switching on and off simultaneously during blinking. Only those aggregates that showed detectable Raman bands of R6G also showed continuum scattering. Brus and coworkers 3 suggested, that the continuum is electronic Raman scattering of the local, coherently driven metallic electrons at the junction and that the necessary momentum for the excitation of the electron-hole pairs is provided by Rh6G, acting like a defect center for electron scattering. Rowlen and collaborators 4 reported blinking in the presence, but also in the absence, of a SERS probe and even a fluctuating continuum at wavenumbers between 3500-5500 cm -1 . Based on these observations, they concluded that the blinking is likely to be an intrinsic property of the bare nano particles. A thermal activation of the blinking was reported by Maruyama et al., 5 but not for all the "hot aggregates". Maruyama and Futamata 6 found at the excitation energy 488 nm in single-molecule emission of crystal violet and malachite green, besides the Raman bands also broad continua centered at 645 nm and 710 nm, respectively, fluctuating and drifting in wavelength. These bands may be related to the molecular fluorescence. It is well known that contact adsorption of dyes at a flat silver surface quenches fluorescence (for instance, ref 7) . Maybe at smaller silver clusters or protrusions the quenching is not perfect, but in the limit of a complex composed of a single silver atom and a dye there is certainly no quenching of fluorescence. Also for adenine, which as a free molecule shows no fluorescence under 488 nm excitation, a fluctuating fluorescence band is observed at 650 nm. 8 Recent single-molecule spectra of Rh6G on silver clusters show a broad band at about 3000 cm -1 , shifting with the laser excitation photon energy like a Raman peak. 9 This article will briefly review the experiment and theory of the inelastic background of cold-deposited Ag films. Cold-deposited metal films allow for an in situ structure change of the surface available for adsorption. Based on a result (not yet published) in the Ph.D. dissertation of Grewe, 10 we explain the close relation between the Raman intensity of bands belonging to ethylene (C 2 H 4 ) species not adsorbed at "SERS-active sites" and the background below the bands. We hope that this article may contribute indirectly to questions on the "chemical effect" in single-molecule SERS.
II. the contInuum of electron-hole-pAIr excItAtIons
The so-called inelastic background of roughened silver was first explicitly mentioned in 1978. 11 The history of this phenomenon up to the year 1983 is well described in Pockrand's review article. 12 In 1994 two of the authors of this article proved in two papers 13, 14 that the background of cold-deposited silver films exists without adsorbates and that it is genuine Raman scattering because it shifts with the exciting laser frequency. Adsorption of benzene, pyridine, and ethane did not measurably change the intensity and spectral shape of the background; with cyclohexane it increased slightly but reversibly (W. Akemann, unpublished) .
The background is not a bulk electronic phenomenon because it is quenched by a very small coverage of atomic oxygen; see the example of a cold-deposited copper film in Fig. 1 . 15 One Langmuir (L = 10 -6 torr × s) of oxygen quenches the background and makes bands assigned to partly negatively charged atomic and molecular oxygen appear. Further absorption of formic acid (HCOOH) yields no signal. Annealing the sample to 200 K yields the SERS spectrum of formate HCOO -, probably by the oxygen-consuming reaction 2HCOOH + O -→ HCOO -+ H 2 O. (At 200 K the water probably desorbs; on cold-deposited silver it desorbs below 180 K). 16 It is very unlikely that the oxygen changes the local EM fields by restructuring the surface, and after the oxygen is consumed, the surface returns to its previous shape.
The electronic Raman scattering on the Stokes side, measured at 40 K, of cold-deposited silver films annealed at 50 K, 200 K, and 250 K is displayed in the lower part of Fig. 2 (from ref 14) . In the dashed part of the spectrum the phonon contribution 17 below 250 cm -1 has been deleted. The background extends beyond -250 cm -1 on the anti-Stokes side (Fig. 3) , where it depends strongly on the temperature during measurement.
A very simple model allows fitting the background as a function of the annealing temperature and the measuring temperature, both on the Stokes and anti-Stokes side; see Figs. 2 and 3. The model assumes a density of electrons and holes g in a Lorentzian band centered at the Fermi energy E F . The width Δ of the Lorentzian is decreasing with increasing annealing temperature. Values of Δ are obtained from least-square fits to the experimental curves. The distribution of electrons and holes is given by the Fermi-Dirac distribution
The joint density of states J(ħω) of electron-hole pairs at an energy of ħω is given by 
J(ħω)
Within this model the spectral yield of Raman scattering by electron-hole-pair excitation in the metal is assumed to be proportional to J(ħω). Equation 1 also yields intensity at the anti-Stokes side. This corresponds to the annihilation of electron-hole pairs of energy ħω, as the Fermi-Dirac distribution allows for filled above empty electronic states in thermal equilibrium.
The fit to the experimental data is good, given that there is only one fit parameter; see Figs. 2 and 3.
The excitation mechanism is the interaction between the electromagnetic light waves and electrons in the inhomogeneous electron gas of the metal surface. The situation is schematically shown in Fig. 4 18 within the so-called jellium model. It displays the ground-state electron density distribution n 0 (z)/n (n is the bulk electron density) and the linear static screening charge distribution n 1 (z) for a free electron metal with the electron density of silver. The centroid (called the image plane) of the screening charge d 0 lies in front of the positive background of the jellium model of a free electron metal. Probably all the weakly bonded adsorbates on Ag and Cu desorbing below and at room temperature are situated at sites of relatively low electron density; see for instance the position of C 2 H 4 on Cu at 1.9 Å in front of the atomic centers of the first Cu plane, as measured by surface-extended X-ray absorption fine structure (SEXAFS). 19 When bulk or surface electrons enter this range they are exposed to the nearly unscreened electromagnetic waves. There they may also "enter" the adsorbates in the "first layer". This will become important below, in Section III.
The electron-hole-pair continuum, as calculated above, is excited by a coherent interaction of surface electrons with the electromagnetic fields of the incoming and Stokes (or anti-Stokes) radiation and, necessarily, by elastic scattering at elements of the surface defect structure, as described by the Lorentzian g(E). One should note that we did not discuss a special Fourier transform distribution of the surface roughness, which was helpful when discussing scattering of electrons in surface states by bulk phonons. 17 The present model is much more robust and is applicable also to bulk conduction electrons entering the surface zone transitorily.
The electron-hole-pair excitations observed as background in the SERS spectra above are rather long lived. An electron-hole pair at about 2000 cm -1 corresponds to about 0.25 eV excitation energy. The mean free path of electrons and holes at this energy in the bulk is about 1100 nm, following Quinn's equation of electron-electron scattering. 20 As electrons and holes proceed with about the Fermi energy of 10 8 cm -1 , their lifetime τ is about 1100 fs. Given Heisenberg's principle of uncertainty, ΔEτ ≈ ħ, the uncertainty of the excitation energy is rather small, 6×10 -4 eV or about 4 cm -1 or only 1/500 of the excitation energy. This will be important in the next section. The mean free path in the infrared range is about 19 nm for bulk polycrystalline copper at 100 K. In the case of Cu nano films grown on Si(111)7 × 7 at 100 K the mean free path is even smaller. 21 This reflects the elastic scattering within the defect-rich film as well as surface scattering.
III. the fIrm relAtIon between the rAmAn scAtterIng bAckground IntensIty And the n-bAnd IntensItIes
The frequencies of the skeleton vibrational modes of small molecules with electronic π states adsorbed in UHV by Ag(111) or by silver and copper films deposited at room temperature or at low temperatures and then properly annealed at room temperature are nearly unshifted (within ± 3 cm -l
) from the molecular condensed case ("ice"). 22 This adsorption state has therefore often been called "physisorbed". On unordered, "rough" silver and copper surfaces one observes shifted bands attributed to "chemisorbed" species at sites of atomic scale roughness. On cold-deposited Ag and Cu films, partly "smoothened" by annealing at 250 K, one may observe both bands; see refs 23 and 24. We have called the nearly unshifted bands the N-lines (N = normal), assigned to molecules adsorbed at "N-sites" provided by atomically smooth parts of the (rough) surface, and the shifted bands the E-lines (E = extra) of molecules at "E-sites", i.e., at sites not available on atomically smooth, low-index surfaces. We prefer this nomenclature because often a "physisorbed" molecule A desorbs at higher temperature than a "chemisorbed" molecule B, and in order to avoid the impression that "the chemical effect is caused by chemisorption".
The most extensive study on E-and N-bands has been performed for ethene (ethylene), C 2 H 4 , on Cu. [24] [25] [26] In this article, we follow the report on the notation of polyatomic molecules in ref 27, which also decides on details of the group theory assignment of molecular vibrations.
Here we will review C 2 H 4 on cold-deposited copper films because for this system the relation between the intensities of the N-bands and the inelastic background was detected. 10 The roughness factor of the films, deposited at 40 K and annealed to 120 K, as measured by thermo desorption spectroscopy (TDS) of Xe, was about 8. The inset in Fig. 5 shows the SERS spectrum in the range of the E-and N-bands of the total symmetric Raman active vibrations ν 3 -δ(CH 2 ) (so-called scissor mode) and ν 2 (CC stretch). The development of the E-and N-bands of the scissor mode ν 3 with increasing exposure is given in ref 24 . The E-bands appeared already at the lowest dose, while the N-bands appeared only after an exposure of 4.3 L. From the TDS data it was not clear whether the N-band should be assigned to species in second and multi-layers corresponding to the desorption peak at 67-73 K of C 2 H 4 or to a desorption peak in the range of 91-100 K of C 2 H 4 in the first layer. Therefore Grewe 24 measured SERS of C 2 H 4 under regulated dynamic C 2 H 4 pressures in the UHV system and regulated temperatures of the Cu substrate above 90 K. During cooling down of the sample from 110 to 80 K, the N-bands are clearly distinguishable at 90 K. Since the adsorbate is in dynamic equilibrium with the gas phase, it is very unlikely that there is a second layer of C 2 H 4 formed under these conditions. The wavenumber position of the ν 3 Raman band of C 2 H 4 adsorbates on Cu(111) does agree with the position of the N-band, as could be demonstrated from the Raman signal of an optical grating covered with a Cu film evaporated at 310 K, annealed to 350 K, cooled to 40 K, and exposed to 1-1.5 L of C 2 H 4 (in this case, the enhancement is exclusively due to local plasmon-polariton field enhancement). 28 For silver films under similar conditions, the (111) orientation with azimuthal randomness was confirmed by X-ray scattering, which most likely also holds for the copper films on the grating. More experimental work to confirm the origin of the N-species in the first layer is described in ref 24 . In the following, we take the presence of a species yielding the N-bands in the first layer for granted. In the case of cold-deposited films there exists an electronic effect of enhancing the Raman intensity of the N-bands. However, this is not the case generally. When, for instance, a rough copper film, contouring a rough CaF 2 substrate is annealed to 350 K, recooled to 35 K and exposed to C 2 H 4 , the E-bands are not observed, but bands at 1341 and 1641 cm -1 grow linearly with exposure far beyond the first monolayer. 25 This reflects a pure long-range electromagnetic enhancement without an electronic first-layer effect.
The firm relation of the N-band intensity of a given vibration (ν 2 or ν 3 ) to the background intensity at the frequencies of the N-bands is demonstrated in Fig. 5 . Here one copper film was annealed from 40 K in steps of about 50 K up to 300 K after exposure to 15 L of C 2 H 4 at 40 K. Spectra were taken at 40 K after recooling and replenishing the C 2 H 4 desorbed in the previous annealing step. The development of the E-bands is quite different from those of the N-bands. Above 250 K the E-bands have nearly disappeared, caused by a loss of special sites of atomic-scale roughness. The temperature range of 200-250 K agrees with the temperature range where edge diffusion of Cu atoms on Cu (111) becomes active and the shape of mono-atomic steps changes from fractal to compact, according to helium scattering experiments during the growth of Cu on real Cu(111) faces. 29 Apparently, the E-sites are related to unknown sites within this fractal structure. The theory of the Eband SERS has been given in ref 28 .
In the following we present the hypothesis that the electron of relatively low energy created by the background mechanism is scattered by an adsorbed N species in such a way that an intramolecular vibration is excited and the electron-hole pair is annihilated; see Fig. 6 (upper part). Due to the laws of quantum mechanics, this opens a new channel, adding to the background at the frequency of the vibration but not feeding from the background, as observed. Because both channels operate by identical processes, involving in particular the same electron-hole states and the same surface-roughness spectrum, they should scale in the same way when the roughness is changed by annealing the Cu sample.
The scattering mechanism of the electrons with the N-species is closely related to the theory 31 and the experiment (see, for instance, refs 32 and 33) of surface resistance. The surface resistance caused by adsorption of C 2 H 4 on a thin Cu(111) film is given in ref 33 . The DC-surface resistance is proportional to the number of electrons near the Fermi energy (those are responsible for the transport processes) that enter and leave the adsorbates per second. It is a strict first-layer effect, both theoretically and experimentally. "Entering" signifies bringing the adsorbed molecule into a short transitory anionic state. The probability for this to happen is given approximately by Heisenberg's uncertainty principle where E CT is the charge transfer energy.
For E CT = 3.29 eV, τ = 0.2 fs, which is very short compared to the lifetime of the electron-hole pair discussed above. In DC-surface resistance, the excitation of vibrations is not considered because there is just no energy available to excite a vibrational quantum. That is different in the present case because the energy of the electron-hole pairs can be converted into vibrational quanta. This excitation mechanism is well known in electron tunneling in metal-insulator-metal contacts 34 and scanning tunneling microscopy (e.g., ref 35) . In both cases the vibration excitation channel opens when the energy of the tunneling electron reaches the energy of the vibrational quantum. This impact mechanism is based on the Coulomb interaction of the electron penetrating the adsorbate with the atomic cores. For longer residence times the ensuing Hellman-Feynman forces lead to clear selection rules. For electron scattering from C 2 H 4 gas in the b 2g shape resonance the d-d scattering channel leads to the total symmetric vibrations ν 2 and ν 3 involving the CC-bond, for d-s scattering the Raman active wagging mode ν 8 ,b 2g . 36 In the short time impact mechanism, these selection rules are expected to be kept approximately, as is indeed the case. 37 Since the differential scattering cross sections of each vibration is individual, one should expect that the ratio of the N-band intensity to the background at the same Stokes shift intensity ("below" the N-band) depends on the particular vibration. This ratio, however, does not change when the background changes intensity by annealing, as seen in Fig. 5 . According to this model, one can understand the low intensity observed for the CH stretching modes, when compared to scissor and CC stretching, as being due to a lower cross section in the b 2g shape resonance.
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IV. e-bAnd IntensItIes Are not scAlIng wIth the bAckground Figure 5 also shows that the intensities of the E-bands do not scale with the Raman background. This fact is not confined to C 2 H 4 on Cu, but also has been observed for pyridine on cold-deposited silver; see ref 39 . The reason is that the electrons at E-sites are only weakly coupled to the bulk metal; see the discussion in ref 30 . An electron residing ca. 5 fs in an anionic state of the E-species has a good chance to retrieve its hole, which makes Raman scattering possible. At such a site, the excitation of long-lived electron-hole pairs, as postulated in Fig. 6 , opposite, is rather restricted.
V. do n-bAnd excItAtIons exIst In surfAceenhAnced InfrAred AbsorptIon (seIrA) spectrA?
The postulated Raman mechanism of N-band excitations (see Fig. 6 above) has as an essential part the intermediate excitation of electron-hole pairs. It seems possible to also excite them by infrared absorption. Cryo-condensation of small amounts of silver on a silver film leads to a strong increase in surface resistance. 40, 41 Consequently, this should also lead to an additional IR absorption by roughness-induced electron-hole-pair excitation and (in the same way as discussed above) to N-bands in the SEIRA spectra; see Fig. 6 , opposite.
The experimental situation in Fig. 7 shows the development of the infrared transmission spectra of . Both bands are infrared-active in the gas and the condensed phases. At higher exposures follow two bands exactly at the positions of the N-bands of the CH 2 scissor and the CC stretch mode in SERS. Both these modes are not IR-active in the gas or condensed state. These bands are not observed when the films were deposited, exposed, and measured at 100 K, though the b 2u CH 2 wagging band at 948 cm -1 and the b 1u CH 2 scissor band at 1436 cm -1 did still appear. The most likely interpretation is that the bands at 1335 and 1617 as observed in SERS and SEIRA originate from the same molecular species, the N-species, because the N-species are desorbed above 100 K.
In summary of this section, it is likely that we have demonstrated the IR-resistance mechanism of exciting vibrations as proposed in Fig. 6 . But this will remain preliminary until we have a complete assignment of all the details of the SEIRA spectra. Fig. 7 . Upper spectra are IR transmission spectra of a copper film of mass-thickness 5.4 nm, deposited on a KBr window at 40 K, during increasing exposure to C 2 H 4 . The background slopes of the IR spectra have not been corrected, but the spectra have been vertically shifted; the intensities are quantified by the 1% bar. Lowest spectrum (from ref 37) is the Raman spectrum of a Cu film cold-deposited at 70 K, annealed at 100 K exposed to 20 L of C 2 H 4 , and measured at 40 K, in the range of the CH 2 wagging mode, the CH 2 scissor mode, and the CC stretch mode. E-and N-bands are indicated. The CH stretch modes are not displayed; they are very weak.
summAry
For the small adsorbed molecules that display the difference between E-bands for species adsorbed at SERS-active sites of atomic-scale roughness (probably sites connected with fractal steps) 8 and N-species at sites smooth on an atomic scale, it was found that the intensity of N-bands scales with the Raman background of electron-hole-pair excitations at the frequency of the N-bands. This is explained by the resistance-type channel of annihilation of the electron-hole pairs by impact scattering by the N-species.
An equivalent resistance-type channel of vibrational excitation may also exist in surface-enhanced infrared absorption.
Whether the correlation of Raman scattering by the electron-hole-pair continuum and the enhanced intensity of adsorbate vibrations will hold for larger adsorbates is an open question. As yet, the understanding of the absolute dominance of a Raman-active vibration of C 60 adsorbed on Cu, Au, and Ag single crystals in infrared reflection spectroscopy 42 is still a challenge to our explanation, which requires atomic-scale roughness of the metal substrate.
